Lung cancer risk estimation in relation to residential radon exposure remains uncertain, partly as a result of imprecision in air -based retrospective radonexposure assessment in epidemiological studies. A recently developed methodology provides estimates for past radon concentrations and involves measurement of the surface activity of a glass object that has been in a subject's dwellings through the period for exposure assessment. Such glass measurements were performed for 110 lung cancer subjects, diagnosed 1985 to 1995, and for 231 control subjects, recruited in a case -control study of residential radon and lung cancer among never -smokers in Sweden. The relative risks ( with 95% confidence intervals ) of lung cancer in relation to categories of surface -based average domestic radon concentration during three decades, delimited by cutpoints at 50, 80, and 140 Bq m À 3 , were 1.60 ( 0.8 to 3.4 ), 1.96 ( 0.9 to 4.2 ), and 2.20 ( 0.9 to 5.6 ), respectively, with average radon concentrations below 50 Bq m À 3 used as reference category, and with adjustment for other risk factors. These relative risks, and the excess relative risk ( ERR ) of 75% ( À 4% to 430% ) per 100 Bq m À 3 obtained when using a continuous variable for surface -based average radon concentration estimates, were about twice the size of the corresponding relative risks obtained among these subjects when using air -based average radon concentration estimates. This suggests that surface -based estimates may provide a more relevant exposure proxy than air -based estimates for relating past radon exposure to lung cancer risk.
Introduction
Epidemiologic studies of miners and experimental studies in rats have provided strong evidence for classifying radon as a carcinogen (IARC, 1988; ICRP, 1993; Cross, 1994; NRC, 1999 ) . However, the strength of evidence is linked to the high radiation doses that have usually been imparted in these settings. By contrast, epidemiologic studies of residential radon and lung cancer have provided only weak evidence so far, although the overall results are in line with extrapolations of data among miners (Lubin and Boice, 1997; NRC, 1999 ) . Further effort is necessary because risk assessment for the general population requires estimating the risk in the actual settings and levels at which radon exposure occurs in dwellings. Accurate exposure assessment is crucial for valid risk estimation but relatively poor assessment of subjects' exposure has likely caused substantial underestimation of risk estimates and loss of statistical power in the residential radon studies ( Lubin et al., 1995; Lagarde et al., 1997; Darby et al., 1998 ) . The standard air-based methodology involves measurement of current radon concentrations by alpha -track detectors placed in dwellings previously occupied by a study subject to represent past radon concentrations in these dwellings, and requires identification of the several dwellings where the subject resided. A major issue to be overcome here is the extrapolation from current concentrations to past concentrations.
A recently developed glass -based methodology may provide improved estimates for the historical average radon concentrations to which subjects have been exposed indoors (Samuelsson, 1988; Mahaffey et al., 1993 ) . This methodology involves assessment of the past average concentrations through measurements of the surface activity on a glass object that has been in a subject's dwellings through the whole or the major part of the exposure period of interest. Glass objects can be found in the dwellings currently occupied by the subjects or by their next of kin if the subjects are not alive. The surface activity of hard materials like glass is related to the average radon concentrations during several decades due to the long half -life of 210 Pb ( 22.26 years ), a radon progeny found implanted within their surface as a result of the kinetic energy transferred by alpha decay to the radon progeny atoms plating out on surfaces (Lively and Ney, 1987; Samuelsson, 1988 ). An epidemiologic study recently completed in Missouri showed significantly increased risks when radon was measured with surface monitors but not when air measurements were used to assess residential radon exposure, suggesting that the glass -based methodology allowed more accurate estimation of exposure and of the related lung cancer risk (Alavanja et al., 1999) .
In the present study we assess the association between lung cancer and residential radon exposure using measurements on glass surfaces in a sample of subjects selected from the Swedish study of radon and lung cancer among never-smokers, and this is compared to assessment based on air measurements for the same subjects.
Materials and methods

Study Subjects
The subjects targeted for glass measurements were neversmokers resident in Stockholm county who formed two of the five studies included in the case -control study of residential radon and lung cancer among never-smokers in Sweden (Lagarde et al., 2001 ) . A never-smoker was defined as an individual who had not smoked daily through one or more years. These two studies had contributed with all 124 cases and 235 controls, and all 33 never-smokers with lung cancer and twice as many controls, originally recruited in one study (Nyberg et al., 1998 ) and in the study Nyberg et al., 2000 ) , respectively. The original study designs are summarized in Table 1 . Participation rates were 86% for case subjects and 83% for control subjects in one study ( Nyberg et al., 1998 ) , and 87%, 82%, and 88% for case subjects and control subjects matched and not matched for vital status, respectively, in the other study Nyberg et al., 2000 ) . The date of diagnosis for a case determined the end of follow -up for the case subject and his or her matched controls, unless the date of death of a control subject marked the end of follow -up ( when death occurred before the diagnosis of the matched case, up to 3 years before ). This could occur in one study because control subjects had been originally frequency matched to the cases on age at calendar year of diagnosis, using 5 -year age groups Nyberg et al., 2000) . For the present study, a further eligibility criteria was applied specifying that their residence at the time for glass measurements, or the residence of a family member if subjects were not alive, had to be in the county of Stockholm.
Air-Based Radon Exposure Estimation
The database for the subjects included in the study of never-smokers ( Lagarde et al., 2001 ) had been complemented with air measurements of radon concentration in dwelling occupied by study subjects for at least 2 years during the observation period for radon exposure defined as the retrospective 32 -year period ending 3 years before the end of follow -up (this exposure window was between 25 to 30 years long for 11 subjects in the present study who were younger than 35 years of age at the end of follow -up).
Air measurements of radon concentrations were performed during the heating season (between October and May ) in 1996 /1997 and 1997 / 1998, using two detectors Table 1 . Summary of original study designs in the centers contributing with study subjects to the case -control study of glass -based radon exposure and lung cancer among never smokers in Sweden.
Items
Center no. Interviews with study subjects, conducted in person or by telephone using a detailed questionnaire Questionnaire mailed to subjects or their next of kin Glass-based radon-exposure assessment and lung cancer risk Lagarde et al. per dwelling placed for 3 months in the bedroom and the living room. The detectors were placed and collected by public health officers, and processed at the Swedish Radiation Protection Institute. A detector consists of a holder containing an alpha -track detector material, CR -39 ( polyallydiglycol carbonate ), and the track density of the film is measured by an automatic film reader following chemical etching (Mellander and Enflo, 1992 ) . For each address, the radon concentration was estimated by the average of the measured radon levels in bedroom and living room. The average radon concentration for a study subject during the observation period for radon exposure was based on radon concentrations over all addresses occupied by the subject during that time period, weighting concentrations proportionally to the number of years spent at each address. Later other weighting schemes were introduced ( see the following section). For time intervals where no measurement was available, we imputed the study -specific arithmetic average of radon concentrations for measured addresses of control subjects (Weinberg et al., 1996 ) .
Glass -Based Exposure Estimation
Procedure for Tracking Glass Objects Glass objects were to be found in the dwellings currently occupied by the subjects or by their next of kin if subjects were not alive. It was not necessary for the current dwelling of a subject or of a next of kin to be the same as the dwelling occupied by the subject at the end of the observation period in the epidemiologic study, nor the first dwelling into which the glass object moved beyond that date. The previous addresses of subjects or relatives of dead subjects were updated using population registers. If these subjects or proxy respondents were no longer alive, the addresses of living relatives were obtained through the parish authorities. A letter was sent which informed about the study, the measurement procedure, and a forthcoming telephone contact for agreement on a time convenient for placing the detectors. Availability of suitable objects was assessed during the visit, except for relatives other than the spouse who were screened for suitable objects at the first telephone contact, and if these relatives had no suitable objects at home they were asked whether some other relative might have such an object.
Measurement Procedure For each subject two surfacebased measurements were sought. An auxiliary measurement of indoor air radon concentration in the dwelling was also performed during the same time period as the surface measurements, extending over 10 to 12 weeks, using alphatrack detectors in the rooms where the glass objects were located with one detector in each room where measurement of a glass object occurred, except for apartments, where only one air measurement was performed. This measurement was used to assess the radon concentration to which the glass object had been exposed in the current dwelling during the time following the end of the targeted observation period for radon exposure.
To measure the surface activity of the objects two different solid -state alpha -track detectors were applied side by side on the glass object. One, the LR -115 detector (cellulose nitrate ), is sensitive to alpha energies in the range of the natural background alpha activity in glass, while the other, the CR -39 detector ( polyallydiglycol carbonate ), is sensitive to both the 210 Po alpha activity (a progeny of 210 Pb ) and the background alpha activity. The activity due to 210 Po alone can thus be obtained by subtraction of the background activity (Falk et al., 1996; Falk et al., 2001 ) . A trained technician installed the detectors on the glass and removed them at the end of the exposure period. A short questionnaire about object and dwelling characteristics was filled in at the time of installation, and the object with detectors on photographed.
To best represent the subjects' exposure, glass objects with the following characteristics were sought: the object should have been present in the different dwellings occupied by the subject since the object was acquired; the object should have been in a room where the subject used to spend substantial time (e.g., bedroom, living room ); the object had to be 15 years old (minimum acceptable age ), preferably at least 20 years old; the object should have been new when present for the first time in the subject's dwelling, unless this occurred for more than 50 years ago ( in such case the 210 Pb due to exposure occurring prior to acquisition would have already decayed for the most part ); the age of the object should be known with an accuracy of about 10%, unless the object was known to be more than 50 years old. The following criteria further indicated suitability of objects for measurement: the objects should have a flat surface and have been placed in open surroundings ( e.g., not in a corner or hidden in a bookshelf ); objects should not had been close to heat sources; objects should have been standing at a minimum of 45 -degree angle. Suitable objects included wall mirrors in the bedroom or living room, art works covered with a glass pane, glass on larger photos, glass in display cabinets, glass in a door between rooms, and glass in wall clocks.
Method for Calculating the Average Radon Concentration to Which Glass Objects Have Been Exposed Since Acquisition When the radon concentration has not been constant over the exposure period a weighted average radon concentration is obtained, since the time -dependent decay of surface activity ( exponential decay) results in relatively more weight being given to more recent time periods ( 210 Pb has a half -life of 22.26 years ). Following normalization of the surface activity to a common duration of exposure for glass objects (i.e., calculating for each object the surface activity it would have presented if it had been in the same environment for a specified duration common for all objects, e.g., 20 years ), a single calibration factor is applied to translate surface activity into average radon concentration. The calibration factor is presently estimated to be equal to 42 in Sweden (based on the median of ratios of previous air and surface measurements), i.e., a surface 210 Po activity of 1 Bq m À 2 is taken to reflect a constant environment of 42 Bq m À 3 during 20 years (Falk et al., 2001 ). The calibration factor may be individually modified to account for factors affecting the plate-out rate ( e.g., aerosol concentration, surface/ volume ratio of the room, ventilation ).
Method for Estimating the Radon Concentration to Which a Subject Has Been Exposed on Average During the Observation Period for Radon Exposure From measured glass activities we want to obtain estimates of the average indoor radon concentrations to which the subject has been exposed during an exposure period of interest. It may be appropriate to specify this observation period for radon exposure as was done previously for air-based measurements, i.e., a 32 -year period ending 3 years before the index date ( the date of diagnosis of case subjects determined the end of follow -up for cases and for matched controls, which we label index date ). The auxiliary air measurement performed in conjunction with the glass measurement is used to subtract the surface activity resulting from buildup and decay in the glass past the end of the specified observation period for radon exposure. This gives the current surface activity in the glass related to exposure occurring up to 3 years before the index date and, accounting for decay since that date, the surface activity that would have been observed 3 years before the index date can finally be estimated. If the length of time during which the object was present in the dwelling where it was found (and where the auxiliary air measurement used as basis for adjustment is performed ) is shorter than the period for which adjustment is required, the adjustment is only for that time period (cf. Appendix A, formula 1 ). However, any remaining years of irrelevant exposure period are also indirectly adjusted on the basis of the glass -based average concentration estimate obtained at this stage ( since using that value for adjustment would leave the final estimate unchanged ). If the subject had separated from the object at a date occurring prior to 3 years before the index date, then correction according to the principles described above is implemented for the time elapsed since that date.
In addition, because some of the glass objects may have been acquired too recently to cover an exposure period stretching as much as 35 years back in time relatively to the index date, some imputation for the remaining exposure period is necessary to avoid bias in the risk analyses, e.g., using study -specific averages for measured glass objects for control subjects, or other schemes as appropriate (cf. Appendix A, formula 2). When surface measurements on two objects were available for a subject, the average radon concentration was estimated by a weighted average of the separate average concentration estimates, with relative weights given by the proportions of the observation period for radon exposure during which glass objects were exposed.
Other Risk Factors
An indicator variable classified subjects according to whether they had ever been exposed to environmental tobacco smoke ( ETS ) at home or not. Two indicator variables for occupational lung cancer risk were constructed: one variable indicated subjects who, for a year or more during their whole occupational history, had held occupations recognised to present lung cancer risk, while the other variable indicated subjects who had held occupations suspected to present lung cancer excess risk (Boffeta et al., 1995; Ahrens and Merletti, 1998 ) . Classification relied on the cross -classification of international occupational ( ISCO -68) and industrial codes ( ISIC -71) ( Ahrens and Merletti, 1998 ) for one study (Nyberg et al., 1998) , and on Scandinavian occupational codes (AMS, 1983) for the other study Nyberg et al., 2000 ) . A socioeconomic indicator variable with four levels was constructed by combining two dichotomous variables indicating whether the occupations reported in the working history of a study subject predominantly required short or long education, and manual work or not . Urbanization level was specified through a variable indicating subjects who lived for 10 years or more in one of the three largest cities in Sweden (Stockholm, Göteborg, Malmö ) at some time during the follow -up period.
Statistical Analysis
A continuous variable for the average radon concentrations in dwellings of individual subjects was used to estimate, in conditional logistic regression analyses, the excess relative risk ( ERR ) of lung cancer per unit of average residential radon concentration. The ERR was estimated by fitting a linear ERR function to the data, RR =1 +bx, where b is the ERR parameter and x denotes average residential radon level (Thomas, 1981; Lubin, 1988 ) . The 95% confidence limits for the ERR estimate were based on the likelihood ratio (Breslow and Day, 1980; Breslow and Storer, 1985 ) . Maximum likelihood estimates of relative risks for categories of average residential radon concentrations were obtained for categories similar to those used in the nationwide Swedish residential radon study (Pershagen et al., 1994 ) , except for the category with the largest average radon concentrations, which refers here to average concentrations above 140 Bq m À 3 , as there would be too few subjects in a category restricted to average concentrations above 400 Bq m À 3 . The indicator variable defining the conditioning strata in the logistic regression model classed subjects according to study, age group ( in 5 -year intervals ), gender, and matched area of current residence. The effect of radon exposure was further adjusted by including indicator variables for ETS exposure at home, urbanisation, occupational lung cancer risk, and socioeconomic status as multiplicative effects in the regression model. The data were analysed using the Stata and Epicure statistical packages (Preston et al., 1990; StataCorp, 2001 ) .
Results
Glass measurements were obtained for 341 of the 425 eligible subjects targeted for glass measurements in the Swedish never-smokers study ( 79.1% of the case subjects and 80.8% of the control subjects ). The causes for no glass measurements included refusal to participate (51.2% ), lack of suitable objects (40.5% ), and others ( three subjects because of unreachable dwellings' occupants and four subjects because of lack of conformity to the specified measurement procedure ). Although the percentages lacking measurement were similar for case and control subjects on the whole, refusal to participate accounted for 34.4% and 60.0% of the lack of measurement, respectively, as relatives were more prone to accept participation than subjects themselves, whereas absence of suitable objects was responsible for 55.2% and 32.7% of the lack of measurement for case and control subjects, respectively, as relatives were less prone to have suitable objects than subjects themselves.
The case and controls subjects with surface measurements had a mean age of 68 and 67 years, and 59% and 56% were women, respectively. Adenocarcinomas, squamous cell carcinomas, and small cell carcinomas, represented 60%, 13%, and 3% of the tumor types, respectively, and the remaining were of other types. Occupational lung cancer risks were recorded for 18% and 14% of the case and control subjects, 45% and 40% were exposed to ETS at home, and 66% and 59% had been resident 10 years or more in urban areas, respectively. For the socioeconomic classification, the categories ''shorter education and manual work,'' ''shorter education and nonmanual work,'' ''longer education and manual work,'' and ''longer education and nonmanual work'' included 17%, 37%, 21%, and 26% of the case subjects, and 16%, 32%, 21%, and 31% of the control subjects, respectively. Table 2 describes the coverage of the exposure window by surface -based and air-based estimates of average radon concentrations in subjects' dwellings. No marked difference was observed between the two types of estimates, and more than 80% of subjects had a coverage of at least 20 years within the 32 years of the observation period for radon exposure. Figure 1 shows a scatterplot of radon concentration estimates based on air measurements against surface -based estimates for the 338 subjects with both types of measurements. The arithmetic means were equal to 90 and 83 Bq m À 3 for air-based and surface-based estimates, Table 2 . Number of years retrospectively assessed for radon concentration, based on surface monitors and on air measurements, in residential addresses occupied by study subjects during the 32 -year period ending 3 years before assessment of disease status, for case and control subjects with surface monitors.
Residential time assessed for radon within observation period Surface -based Air -based Case subjects, n ( % )
Control subjects, n ( % )
Case subjects, n ( % )
Control subjects, n ( % ) respectively. A plot of differences between air and surfacebased estimates against averages of the two estimates shows that the magnitude of differences increased with averages ( Figure 2 ). Such pattern was absent when the difference between air-and surface-based exposure estimates was expressed as a percentage of the average and plotted against average (not shown), indicating that the magnitude of the difference was roughly proportional to radon concentration. The arithmetic mean and median for the differences were 7
and À 3 Bq m À 3 , respectively, or 6% and 0%, respectively, for differences expressed as percent of the average of the two estimates. The standard deviation was 69 Bq m 3 for differences, and 71% for percent differences. Agreement between exposure estimates based on surface and air measurement is further described in Table 3 . We observe that, for example, there were 30% of subjects with a difference amounting to between 50% and 100% of the average of their air-based and surface -based radon concentration estimates, and that for additional 14% of subjects the difference was over 100% of the average of the two estimates. Similar agreement was obtained between glassbased average radon concentration estimates from pairs of glass objects for the same subject.
We investigated whether ETS modified the relation between surface -based and air-based average radon concentration estimates through linear regression of the logarithms of the surface -based average radon concentration estimates on air-based estimates, including an interaction term between ETS and the air-based radon exposure estimate in addition to their main effects, and adjusting or not for other predictor variables such as case -control status, number of dwellings measured, coverage of the exposure window by surface -based estimates, number of glass objects, study center. However, ETS was not a modifier of the regression slope relating surface -based exposure estimates to air-based exposure estimates (interaction variable between ETS and air-based exposure estimate), Figure 1 . Scatterplot of air -based average radon concentration estimates against surface -based average radon concentration estimates. Figure 2 . Scatterplot of differences between air -based average radon concentration estimates and surface -based average radon concentration estimates against their averages. Table 3 . Cumulative density distribution of absolute differences between the estimated average radon concentrations in residential addresses occupied by study subjects during the 32 -year period ending 3 years before assessment of disease status, assessed using air measurements and surface monitors. nor did it appear to be a predictor of surface-based exposure estimate (main effect variable for ETS ). The averages of surface-based average radon concentration estimates were equal to 83.4 and 82.4 Bq m À 3 among subjects with and without ETS, respectively.
The first two rows in Table 4 show that the surface -based ERR was about twice the size of the ERR obtained when using air-based average radon concentrations estimates. As the exposure years covered by glass objects are weighted through the exponential decay with time of the 210 Pb implanted within their surface, giving more weight to recent years, it would be congruent to also account for decay when imputing the years of exposure that are not covered by the glass object. When imputed years were decay -weighted ( cf. Appendix A, formulas 3 and 4 ), the surface -based ERR was only slightly altered ( fourth row in Table 4 ). To make the comparison between air-based and surface -based ERR more congruent in respect of weighting of different exposure windows, the air-based ERR was estimated using air-based radon -concentration estimates where individual years of exposure were attributed weights similar to those present by nature in the surface -based estimates (cf. Appendix A, formula 5). The air-based ERR increased by one third ( third row in Table 4 ).
There were two objects available for surface measurements among 85% and 57% of the case and control subjects that had at least one object available, respectively. When an indicator variable for number of glass objects was included among the adjustment variables in the regression model, the surface-based ERR increased by about 10%. Additional inclusion of an interaction term between the number of glass objects and glass -based radon concentration gave radonrelated ERR estimates of 0.46 per Bq m À 3 and 0.89 per Bq m À 3 for estimates relying on one and two objects, respectively.
Discussion
The relative risk estimates for lung cancer obtained using surface-based radon exposure estimates were about twice the magnitude of those obtained using air-based estimates. A study in Missouri that used comparable methodology showed an ERR of 0.63 per 100 Bq m À 3 in relation to a Relative risk, or excess relative risk, following stratification on study, sex, age group, matched area of current residence, and adjustment for passive smoking, urbanisation, occupational lung cancer risk and socioeconomic status. For analyses based on categories, the relative risk is made in comparison to the category of subjects with average radon concentration less than or equal to 50 Bq m À 3 . b 95% confidence interval. c Radon concentration for each address weighted in proportion to the length of time for which the subject lived there, with missing values imputed using study -specific average radon concentrations in addresses of control subjects. d When the age of glass objects did not cover the whole 32 -year exposure period, imputation of the most distant years was necessary and was based on study -specific average values of surface measurements among control subjects. The relative weights given to imputed time period and measured time period when computing an average concentration were proportional to their respective lengths. e When computing the average radon concentration, the relative weights for year -specific concentrations, measured or imputed, were the theoretical weights that are inherent in surface measurements, given a half -life of 22.26 years for the Pb -210 embedded in the surface during each year. f In contrast to the imputation procedure described in note ''d,'' the relative weights for the imputed years were the theoretical weights that these years naturally have when the glass object covers the whole of the exposure period, i.e., this procedure accounts for the exponential decay of the activity implanted in the glass surface during the years imputed, in accordance to what occurs for measured years.
surface-based exposure estimates but showed no increase in relation to air-based estimates (Alavanja et al., 1999 ) . Alavanja et al. commented that a plausible explanation for the results would be that air-based estimates are more prone to random error than surface -based estimates. In support, they verified through a Monte Carlo study that with large year-to -year variability in radon concentrations, as observed in the Midwest in houses monitored over several years (Steck, 1992 ) , a radon -related ERR for lung cancer of the magnitude observed using the surface-based estimates could be completely diluted due to the random errors in airbased estimates that occur when current measurements are used to reflect the average concentrations prevailing at the time the subjects occupied the measured dwellings. In Sweden, underestimation of the ERR by about a factor 2 was suggested when investigating the potential consequences of imprecise exposure assessment, where imprecision was to a large extent related to using the concentration measured in a given year to represent the long -term average concentration over several years (Bäverstam and Swedjemark, 1991; Lagarde et al., 1997 ) .
In the present study, although the surface-based and airbased methods for exposure estimation agreed on the average, assessment of the agreement between the two types of exposure estimates ( Bland and Altman, 1999 ) showed that a substantial number of subjects had relatively large differences among paired exposure estimates. Agreement of a similar order was observed among pairs of surface -based exposure estimates obtained from pairs of glass objects for the same subject. However, such comparison understates the precision of surface-based estimation among subjects with two objects available for surface -based exposure estimation ( the standard deviation for the difference would be reduced by a factor p 2 through averaging). Although both the Missouri study ( Alavanja et al., 1999 ) and the present study showed larger ERR when surface detectors were used, this does not in itself justify a conclusion that the surface measurement technique is more precise. Larger radon -related lung cancer risk estimates could be related to improvement in either precision or validity of exposure assessment, or to unrecognized bias. For example, surface -based radon -exposure assessment may be more precise than air-based estimates because extrapolation of current concentrations to past concentrations is avoided, it may be more valid because past yearly concentrations may be weighted more pertinently for lung cancer risk or because surface -based and air-based estimates may reflect differently the delivered dose as opposed to the external exposure, or it may be biased if known or not yet understood sources of error affect differently case and control subjects. The main sources of uncertainty in glass -based exposure assessment are related to the accuracy of the age of the object and to factors affecting the activity deposited in the glass for a given radon concentration ( i.e., factors affecting the deposition of radon daughters on the surface of the object, like the aerosol concentration, the relative extent of surface areas compared to the volume of the room, the air-exchange rate and air motion in the room, or the position of the object ) ( Cornelis et al., 1992; Porstendörfer, 1994; Walsh and McLaughlin, 2001 ) . The variation of the radon concentration over the exposure period result in different measured activities for similar long -term average radon concentrations depending on whether higher concentrations occur towards the beginning or towards the end of the exposure period, because of the exponential decay of the activity in the glass (this could increase random error or, as discussed next, this might be an advantage in the sense that more distant exposure windows are given relatively less weight ). Additional imprecision, but supposedly increased validity, is introduced by the correction for the part of the activity in the glass that is due to radon exposure occurring past the end of the observation period for radon exposure, a correction based on the air measurement in the dwelling where the object is located.
The calibration factor applied to translate surface activity into average radon concentration may be individually modified to account for factors affecting the plate -out rate (e.g., aerosol concentration, surface /volume ratio of the room, ventilation ) in order to better approximate past radon concentrations. However, this would require detailed information about such factors for previous dwellings occupied by study subjects. We investigated whether ETS modified the relation between surface -based and air-based average radon concentration estimates, but no difference was noticeable. ETS is only one of many factors affecting aerosol concentration and plate out, and it may difficult to detect its effect. For such purposes, other settings may allow closer assessment. For example, this may involve glass objects that had been for the past 20 years or more in single dwellings with detailed information about indoor characteristics, including various aerosol sources, and for which several air measurements of radon concentration over different years are available.
The miners' studies indicate that exposure received in recent time windows is more strongly related to lung cancer risk than exposure received in more distant time windows (NRC, 1999 ) . The relative magnitude of the ERR for the different time windows obtained in the combined analysis of miners' studies were 1, 0.86, and 0.31 for time windows 5 to 14 years, 15 to 24 years, and 25 years or more, respectively, before the end of follow -up. This suggests a set of weights for radon -exposure windows that could be more appropriate for prediction of lung cancer risk than uniformly weighting yearly concentrations. By comparison, the relative weights inherently given to different years because of the exponential decay of 210 Po surface activity are equal to 1, 0.86, 0.73, 0.63, 0.54, 0.46, and 0.34 , for yearly radon concentrations occurring 5 (reference ), 10, 15, 20, 25, 30 , and 35 years prior to index date, respectively. Because the decay is exponential with time, the sizes of the relative weights depend on the lengths of the time intervals between exposure years, but are independent of the index date, or the time of surface measurements. For example, the radon concentration occurring 20 years before a concentration occurring more recently will be given a weight equal to 54% of the weight given to more recent concentration, whether it occurs 3 years before the index date or 15 years before. In contrast to a simple average of the radon concentration for each year of the observation period, the declining relative weights given to successive years in surface -based measurements may weight the radon concentrations for different years in relation to the strength association with lung cancer, or in an approaching way, if this association decreases with time, as observed in the miners' studies. Moreover, when comparing the ERR of lung cancer in relation to airbased and surface-based radon exposure estimates, such weighting scheme should be incorporated in the air-based radon exposure estimate in order to avoid bias in the comparison.
Surface -based measurements may have various applications, like validation of air measurements or risk assessment, each with its own requirements. To get as close as possible to the average radon concentrations that would be estimated by performing air-based measurements for the different years of the exposure window may not be the proper goal when attempting to relate past radon exposure to lung cancer risk. The air-based exposure assessment generally relies on measurement of radon ( 222 Rn ) concentration while the concentration of the short -lived radioactive radon progeny, which are responsible for irradiating the bronchial epithelium after inhalation (ICRP, 1987 ) , is influenced by the atmospheric characteristics of the dwellings ( NRC, 1991 ) . For a given radon concentration, high indoor aerosol concentrations will increase the concentration of radon progeny in the ambient air, attached to aerosols which remain suspended a longer time than the unattached radon progeny. On the other hand, it is uncertain that a large ratio of radon decay products to radon gas would always correspond to increased doses because particle size influences both the deposition and the deposition sites in the respiratory tract, and many other parameters are also involved (Birchall and James, 1994; Porstendörfer and Reineking, 1999 ) . For example, the activity attached to particles in the size range associated with environmental tobacco smoke may not be deposited in the respiratory tract at high rates, which may compensate the effect of increased radon progeny concentration for a given radon gas concentration, but such compensation may not generally apply for other aerosol sizes ( NRC, 1991 ( NRC, , 1999 . Surface -based measurements can be expected to correlate mainly with the concentration of unattached radon progeny ( Cornelis et al., 1992; Walsh and McLaughlin, 2001 ) , which tend to plate out on surfaces ( Knutson, 1988 ) . The implications for epidemiologic studies are unclear in view of the complex relationship between external exposure and internal dose, but such correlation could be advantageous in the context of risk quantification, as opposed to, e.g., the purpose of validating measured radon gas concentrations. Therefore, adjusting for factors affecting the relation between glasssurface activity and average radon gas concentration, which are mainly those affecting the plate out, may not necessarily improve the glass -based radon exposure proxy for epidemiologic studies of radon and lung cancer risk.
3. The structure of the formula above is as follows:
C ¼ 42Â SÀs 0:5 n=22:26 Ânorm 20 where ( i) the component s represents the current surface activity from exposure during the non relevant time period ( which is subtracted from the currently measured activity S );
( ii) the ratio is thus the surface activity that would have been observed at the end of the relevant time period (the denominator adjusting for decay since the date );
( iii ) norm 20 is a component included to transform the estimated activity into the activity that would have been measured if the object had been building -up activity on its surface during 20 years rather than for the number of years assessed ( normalization is necessary because objects have been building up activity for different time lengths, but the choice of a length of 20 years for normalization is inconsequential and may be changed, granted that the present calibration constant of 42 is also modified ).
Appendix B
Formula for estimating the radon concentration in Bq m À À 3 to which a subject has been exposed on average during the observation period for radon exposure, with imputation for the unknown average radon concentration during the time period not covered by the glass object, denoted E below
where C, m are as defined in A.1 above; L=duration in years of the relevant observation period for radon exposure; p= the duration in years of the time period between the end of the relevant observation period for radon exposure and measurement of the 210 Po activity in the glass surface; = study -specific mean of the values for C among control subjects, or more generally any appropriate value for imputation that is not expected to bias risk estimation.
Appendix C
Formula for the modified form of E where years imputed are weighted in order to account for decay, as occurred naturally for measured years For the radon concentration corresponding to each year of the relevant observation period, indexed by i to indicate single years of exposure ending i years prior to the end of the observation period, we attribute the weights W i defined as:
where L is defined as in A.2. The modified form of E is then computed as:
where C, p and are defined as in A.2.
Appendix D
Formula for the modified form of the air-based average radon concentration estimate where individual years are weighted in order to account for decay, as occur naturally for glass monitors
where L is defined as in A.2, and W i as in A.3; A i =radon concentration (Bq m À 3 ) for year ending i years prior to the end of the observation period, based on measured concentrations in dwellings occupied the corresponding years, or if not measured, imputed using the study -specific average of the measured dwellings among control subjects.
